The effectiveness of population-wide lung cancer screening strategies depends on the underlying natural course of lung cancer. We evaluate the expected stage distribution in the Mayo CT screening study under an existing simulation model of non-small cell lung cancer (NSCLC) progression calibrated to the Mayo lung project (MLP). Within a likelihood framework, we evaluate whether the probability of 5-year NSCLC survival conditional on tumor diameter at detection depends significantly on screening detection modality, namely chest X-ray and computed tomography. We describe a novel simulation framework in which tumor progression depends on cellular proliferation and mutation within a stem cell compartment of the tumor. We fit this model to randomized trial data from the MLP and produce estimates of the median radiologic size at the cure threshold. We examine the goodness of model fit with respect to radiologic tumor size and 5-year NSCLC survival among incident cancers in both the MLP and Mayo CT studies. An existing model of NSCLC progression under-predicts the number of advanced-stage incident NSCLCs among males in the Mayo CT study (p-value 5 0.004). The probability of 5-year NSCLC survival conditional on tumor diameter depends significantly on detection modality (p-value 5 0.0312). In our new model, selected solution sets having a median tumor diameter of 16.2-22.1 mm at cure threshold among aggressive NSCLCs predict both MLP and Mayo CT outcomes. We conclude that the median lung tumor diameter at cure threshold among aggressive NSCLCs in male smokers may be small (<20 mm).
Introduction
The first randomized clinical trial (RCT) to demonstrate a mortality benefit associated with screening for lung cancer is the national lung screening trial (NLST), reporting a 20.0% reduction in lung cancer deaths among individuals screened annually by computed tomography (CT) relative to individuals screened annually by chest X-ray. 1 The prostate, lung, colorectal, and ovarian (PLCO) 2 study reported no mortality benefit associated with screening by chest X-ray after 13.5 years of follow-up, consistent with earlier findings from the Mayo Lung Project (MLP). 3 The NLST and PLCO results suggest that screening for lung cancer by CT is likely to be effective in reducing lung cancer mortality whereas screening by chest X-ray will not. The NLST study found that CT detects lung nodules larger than 4mm at a three-fold higher rate than chest-X-ray. 1 However, the PLCO and MLP results likewise demonstrated an increased rate of early-stage lung cancer detection attributable to chest X-ray screening, relative to usual care. 2, 4 Debate over the interpretation of chest X-ray screening results persists. [5] [6] [7] [8] Estimates of the median size at which lung cancers transition to advanced-stage of 40 mm suggest that a mortality benefit to chest X-ray screening should exist. 9 The failure of chest X-ray screening studies to produce a mortality benefit has been widely attributed to overdiagnosis. 6 However, data suggests that screen-detected lung cancers typically demonstrate rapid growth. A systematic literature review of volume doubling times (VDTs) reports that the mean proportions of VDTs greater than 400 days among lung cancers detected by routine care, chest X-ray and CT are 3, 8, and 27%, respectively. 10 Average proportions of tumors with VDTs less than 100 days among lung cancers detected by routine care, chest X-ray and CT are 44, 39, and 29%, respectively. 10 The proportion of rapidly-growing lung cancers may in fact be higher. Inclusion of baseline cancers (influenced by length bias) and exclusion of single measurement cancers may bias VDT estimates toward slower growth. 11 In the Mayo CT, detection of baseline cancers was two-fold higher in females than males, suggesting that the proportion of rapid-growing cancers may be higher in men than women. 11 Furthermore, nonsolid or part-solid nodules may appear slow-growing but in fact become denser and increase in cell volume. 12 The effectiveness of lung cancer screening depends on the underlying natural course of lung cancer. In this study, we characterize a model of lung cancer progression having two key features, namely VDT and the radiologic size at cure threshold, the size at which a lung cancer is no longer curable. When lung cancer is detected at a localized stage, it can be successfully treated by surgical resection followed by chemotherapy.
We fit a model of lung cancer natural course to randomized trial data from the MLP. MLP data distinguishes between lung cancers detected during the study and lung cancers detected at the time of the prevalence screen. Prevalent cancers are subject to length bias since slow-growing or indolent cancers are likely to be over-represented in a population at a given point in time. In contrast, incident cancers arise during the screening study, following a negative prevalence screen. In the context of the MLP, incident cancers from the usual-care arm and the chest X-ray arm provide nearly unbiased random samples with respect to lung cancer growth and progression. On average, incident cancers in the usual-care arm are expected to reflect a later progression point in the natural course of lung cancer.
Evidence from the surveillance, epidemiology, and end results (SEER) cancer registry suggests that the smaller the tumor size, the more likely it is that a lung cancer has not spread to lymph nodes or metastasized. In a study of 84,152 non-small cell lung cancer (NSCLC) cases documented in SEER, among tumors less than 15 mm in diameter, the proportion of Stage I cancers was 54% (N ¼7,327) whereas among tumors greater than 45 mm in diameter, the proportion of Stage I cancers was 15% (N ¼ 31,623), with intermediate size strata reflecting a declining proportion of Stage I lung cancers. 13 SEER and hospital registry data must be interpreted with care. These data reflect not only the underlying natural course of lung cancer but also the size-dependent probability of lung cancer detection.
Stage-shift refers to a shift in the stage distribution of lung cancers between two distinct populations. The presence of a stage-shift among small T1 lung tumors (<3 cm) is considered especially relevant to screening because screening has the ability to detect small lung cancers. In the SEER study, among tumors between 16 and 25 mm in diameter, 46% (N ¼ 15,853) were Stage I, significantly smaller than the 54% proportion of Stage I cancers less than 15 mm in diameter. 13 Some studies of hospital registry data have confirmed this result 14, 15 whereas others have failed to document this stageshift. 16 Hospital registry data-sets may be up to two orders of magnitude smaller than SEER and biased toward surgical cases. 17 A stage-shift between chest X-ray detected and CTdetected incident cancers is expected because chest X-raydetected cancers are larger, attributable to the lower sensitivity of chest X-ray. Population-based models of lung cancer natural course have been previously developed to aid the interpretation of lung screening outcomes. 18, 19 We introduce a novel estimation framework and specifically evaluate the consistency of estimates of radiologic size at cure threshold with both reported chest X-ray and CT outcomes.
Data, Methods, and Models

Mayo CT
The Mayo CT study was a prospective cohort study which began in 1999 and recruited 1,520 individuals (788 male, 732 female) greater than 50 years of age with a smoking history of more than 20 pack-years. Study participants received a baseline screen followed by four additional annual-repeat screens. We adopt the classification that prevalent lung cancers were visible at baseline, but possibly first detected during the study period. Incident cancers first became visible during the annual-repeat screening period. Interval cancers arose between annual-repeat screens. We obtained access to Mayo CT radiologic and pathologic records through participation in CISNET (www.cisnet.cancer.gov). Up to six nodules were reported for each study participant at the annual-repeat radiologic screen each year. We identified the largest among the reported nodules consistent with surgical location and timing of pathologic staging in order to reflect the radiologic size at detection among confirmed lung cancers. A total of 66 lung cancers were confirmed during the Mayo CT study.
MLP
The MLP was a RCT initiated in 1971 and completed on July 1, 1983 which recruited 10,933 male smokers over the age of 45 years. Of the original recruitment pool, 9,211 were accepted for randomization into a screening arm (N ¼ 4,618) and a control arm (N ¼ 4,593), based on a negative prevalence screen and the satisfaction of other entry criteria. MLP participants must have had an estimated life expectancy of five years or more, sufficient respiratory reserve to undergo pulmonary resection, no prior history of cancer of the lung or respiratory tract and no presentation of symptoms of lung cancer. 4 In the first seven trial years, there were 91 prevalence lung cancers, 151 incidence lung cancers (115 NSCLC) diagnosed in the screening arm and 120 incidence lung cancers (86 NSCLC) diagnosed in the control arm. We obtained the original radiology and pathology data reported during the MLP as well as extended mortality follow-up data.
Stage shift analysis
To simulate the age at lung cancer onset in the Mayo CT study, we adopt the two-stage clonal expansion (TSCE) model calibrated to the Nurses' Health Study and the Health Professionals Follow-Up Study. 20 The TSCE model incorporates gender and smoking-dependent parameter estimates and simulates the time of the appearance of the first malignant cell. After the appearance of the first malignant cell, we assume a fixed lag time of 6 months before the cancer becomes visible by CT. Given a model of tumor progression fit to the MLP, the lung cancer subsequently progresses through early and advanced stages governed by two independent exponential distributions. 5 Age and smoking-dependent other-cause mortality hazard functions are provided as a CISNET resource.
We simulate 10,000 iterations of the Mayo CT study and obtain expected counts of early and advanced-stage prevalent and incident NSCLCs (Table 1 ) among male participants. Higher sensitivity of CT relative to chest X-ray is expected to produce a stage-shift. We compute a test statistic based on the squared difference between expected and observed cancers in each of the four categories.
The reported p-value is defined as the frequency of observing a MSE value as large or larger as the observed MSE statistic among the N ¼ 10,000 simulations.
Probability of NSCLC death as a function of size at detection
For the 115 incident NSCLCs confirmed in the screened arm of the MLP, we collected data on radiologic tumor size and 5-year survival. Eleven NSCLCs were sputumdetected only, having unknown radiologic size and were omitted from the analysis. Among the 104 remaining NSCLCs, there were 52 lung cancer deaths, 11 other-cause deaths (9 Stage I, 2 Stage III) and four study-related deaths reported radiologic sizes of either (i) not measurable but greater than 3 cm or (ii) not measurable but less than 3 cm, we impute the size as the median size among incidence NSCLCs in the similar size and survival category. Among the 14 interval and incidence NSCLCs in males detected in the Mayo CT, there were eight lung cancer deaths and six individuals were alive at the end of the follow-up period. The median follow-up time after initial detection for survivors was 4.0 years. In all cases, we summarize the tumor diameter as the average of the reported long and short axes. A comparison of the reported tumor diameter information between the Mayo CT and MLP is given in Table 2 . We assume the conditional cumulative density function of LC death as a function of tumor diameter at detection follows a gamma distribution with shape and scale parameters, alpha (a) and gamma (c), respectively. Under the minimal assumption that tumors increase uniformly in size, we define a likelihood function as follows:
For detected NSCLCs with diameter s 0 , resulting in no LC death:
For detected NSCLCs with diameter s 1 , resulting in a LC death: Asymptotic properties of maximum likelihood statistical methods are well defined. 21 Maximum likelihood estimates (MLEs) for the shape parameter, a, and the scale parameter, c, are obtained under a bounded variance constraint: variance is assumed bounded by the sample variance of radiologic sizes at detection in the pooled group. We estimate the MLE vector (x) for the pooled sample of Mayo CT and MLP lung cancers as well as for each individual data-set separately. Based on x and the resulting Hessian matrix, R
À1
, we report a 95% confidence interval for the median of the distribution for each data-set independently. The 95% confidence interval for the median is computed on parameter values of x falling within the 95% confidence ellipse given by:
;0:95 . We conduct a likelihood ratio test to examine the strength of the evidence that a unique parameter vector is consistent with data from both the MLP and Mayo CT. We compute:
Lðâ;ĉjsÞ MLP Lðâ;ĉjsÞ Mayo CT Lðâ;ĉjsÞ pooled where s is the vector of detection sizes and obtain the resulting p-value based on a chi-squared distribution having two degrees of freedom. We compute the probability that a 10-mm NSCLC detected by chest X-ray and CT will result in a lung cancer death with the associated 95% confidence interval.
Multi-type branching process model
We describe a multi-type branching process model in which cancer arises from a single stem-like malignant progenitor cell. Upon cell division, this progenitor cell gives rise to two identical stem-like cells with probability f and gives rise to one stem-like progenitor cell and one terminally differentiated cell with probability 1-f. Tumor growth occurs as the result of the accumulation of cells from multiple cell divisions. We assume a pure-birth process in which terminally differentiated cells contribute to the overall size of the tumor but, unlike stem-like progenitor cells, do not undergo further cell division events. The accumulation of n key mutations in a stem-like progenitor cell results in the development of an incurable tumor, ultimately resulting in a lung cancer death. We define the tumor diameter at which n mutations have accumulated as the cure threshold. The probability of any of the n key mutations occurring at a cell division step equals l.
We assume the average volume occupied by a single cell of clonal origin is 50 lm. Conversion between cell number and tumor diameter is based on the volume equation
We allow the range of parameter values to encompass a spectrum of doubling times ranging from 20 to 300 days and a stem cell fraction of up to 5%. The median size at the cure threshold over this parameter range for f and l is represented in Table 3 .
We collect data on tumor size, survival, and screen history for incident NSCLCs arising during the MLP and Mayo CT studies. We simulate a joint uniform vector [U 1 We assume a Weibull screen detection probability function having a 50% probability of detection for a 30-mm nodule.
We assume a NSCLC is visible at the earliest screen among repeat screens within a window of 75 days directly before lung cancer diagnosis. Chest X-ray screens may be performed after nodule detection but before lung cancer diagnosis as part of the diagnostic work-up. For every screened arm NSCLC having known tumor diameter at detection, we continue replacement sampling until 1,000 values of f and l are generated. We estimate size-dependent clinical detection in the control arm using Kaplan-Meier (KM) estimation, separately for curable and incurable NSCLCs. We estimate upper and lower KM bounds, based on minimum and maximum numbers of NSCLCs at risk of detection for each size, respectively. The true number of NSCLCs at risk of curable or incurable detection for each tumor size is unknown. For example, it is not known whether a 40-mm incurable NSCLC had been incurable at 20 mm. We identify a set of Weibull distribution functions that fall within the upper and lower KM bounds to represent the size-dependent detection probability of control arm cancers (Fig. 1) .
For each parameter pair (f, l), we compute the probability that a NSCLC is detected in the control arm. We assume a uniform distribution governing the onset of detectable NSCLC within the screening window and specify the Weibull probability functions governing NSCLC detection in the control arm. We consider only trajectories of (f, l) for which the NSCLC fails to be detected at the prevalence screen but would be screen-detectable by a single screen at the end of the follow-up period. The precision of the probability estimates for each parameter pair (f, l) is based on 10,000 simulated trajectories. Based on the estimation principle of method of moments (MOM), we define a solution as a set of parameter values (f i , l i ) satisfying:
where p 1 ¼ probability of curable NSCLC detection, p 2 ¼ probability of incurable NSCLC detection, N ¼ the number of screened arm-detected NSCLCs, C 1 ¼ the number of curable control arm NSCLCs, and C 2 ¼ the number of incurable control arm NSCLCs. We opt for a MOM estimation approach to eliminate model constraints associated with maximum likelihood estimation. To obtain a MOM solution to the parameter space, we first draw a random set of N screened-arm NSCLCs. If a selected screened-arm NSCLC has missing tumor size information, we select a set of parameter values consistent with the NSCLC having the identical survival status but known size information. We allow C 1 and C 2 to vary according to a multinomial distribution with proportions of curable, incurable and missed NSCLCs equal to C 1 /N, C 2 /N, and (N-C 1 -C 2 )/N, respectively. We search the parameter space to obtain up to 1,000 solutions for each of the 20 detection scenarios.
For each of the 20 detection scenarios, we report the median VDTs and median tumor diameters at cure threshold among all screened-arm detected NSCLCs and for the subset of incurable NSCLCs detected in the control arm, averaged over 100 MOM-calibrated models. We also report the average median tumor diameters at detection for curable and incurable NSCLCs and the proportion of curable NSCLCs in the control arm of the MLP (Table 4) . We select four representative MOM-calibrated models from different detection scenarios. To simulate screened-arm outcomes in the MLP, we assume a screen detection function having 99% probability of detection for a 30-mm nodule with 75% of NSCLCs in a detectable location of the chest. We simulate both arms of the MLP and the single arm of the Mayo CT study and report the simulation outcomes reflecting goodness of each model fit (Table 5) .
Results
In the Mayo CT, the proportion of lung cancer deaths among incident NSCLCs (8/14) in males was similar to the proportion of lung cancer deaths among incident NSCLCs detected in the MLP (55/104). Our existing simulation model predicts a stage-shift among incident NSCLCs relative to the MLP, resulting in a MSE p-value of either Table 4 . Mayo lung project simulation outcomes conditional on models of lung cancer progression calibrated using method of moments estimation for specified detection scenarios Based on a likelihood ratio test, the probability of 5-year NSCLC survival as a function of tumor diameter differs significantly by detection modality (p ¼ 0.0312). In the MLP, the estimated tumor diameter at detection at which 50% of NSCLCs are curable is 27.61 mm [95% CI: (17.7, 33. 3)] whereas in the Mayo CT, the estimated tumor diameter at detection for which 50% of NSCLCs are curable is 10.14 mm [95% CI: (0.13, 13.8)]. In the MLP, the estimated probability of lung cancer death given a 10 mm detected NSCLC is 7.1%[95% CI: (3.4%,27.8%)] whereas in the Mayo CT, the estimated probability of lung cancer death given a 10 mm detected NSCLC is 48.5% [95% CI: (17.8%,99%)].
We successfully identified parameter sets over all but two of the 20 detection scenarios satisfying the MOM estimation criteria. The median tumor diameter at cure threshold averaged over 100 MOM parameter sets varies by detection scenario and ranges from 14.4 to 31.6 mm. In a simulation of the MLP, the close approximation to the observed proportion of 22% curable NSCLCs among control-arm cancers reflects the MOM estimation criteria. The estimates of median tumor diameter at cure threshold among the subset of incurable detected control-arm NSCLCs in the MLP varied by detection scenario and ranged in our simulations from 11.3 mm to 22.1 mm.
We incorporated four specific MOM parameter sets into the tumor progression component of the simulation models of the MLP and Mayo CT studies (Table 5 ). For each of the simulations, the number of curable and incurable incident NSCLCs detected in the Mayo CT and their respective tumor diameters at detection lie within or nearly within the 90% range of simulated outcomes. In the MLP simulation, the total number of NSCLCs in the control arm is closely predicted, as is the observed proportion of incurable lung cancers (22%). In all simulations excepting detection scenario two, the median tumor diameters at detection lie within or nearly within the 90% range of simulated outcomes for control-arm NSCLCs. With respect to screened-arm MLP outcomes, an exception to the goodness of fit is the under-estimation of the median tumor diameters at detection of curable NSCLCs.
Discussion
An existing simulation model of lung cancer natural course predicts a stage-shift among incident lung cancers in the Mayo CT relative to the MLP. Simulations proved incompatible with the observed Mayo CT incident data despite the smaller sizes of Mayo CT incident lung cancers. These results appear to contradict SEER data demonstrating a decreasing proportion of Stage I lung cancers with increasing tumor diameter. However, in both the Mayo CT and MLP individually, early-stage lung cancers were smaller than advanced-stage cancers, consistent with SEER trends. Between data-sets, advanced-stage cancers in the Mayo CT were smaller than early-stage cancers detected in the MLP.
CT is able to detect lung cancers at small sizes not previously seen by usual care nor by chest X-ray. An advanced, incurable lung cancer which may have been detected by usual care at a size of 45 mm may now be detected by CT having a tumor diameter of 15 mm. This lung cancer, not previously observed at 15 mm, may still be an advanced, incurable lung cancer. We find that detection modality is a significant factor in the prediction of 5-year lung cancer survival as a function of tumor size. The broad implication of this finding is that small tumors detected by CT may be more aggressive than small lung cancers seen previously.
Our estimates of the median tumor diameter at cure threshold are substantially smaller than median diameters of advanced-stage lung tumors in SEER. It has been noted that bias in SEER in the form of underrepresentation of small, asymptomatic early-stage lung cancers and under-reported size information among large, unresected advanced-stage lung cancers is likely to strengthen the reported relationship between tumor size and stage. 13 However, under-representation in SEER of small, asymptomatic advanced-stage cancers could weaken the reported relationship between tumor size and stage. Data from the lung screening study, the NLST pilot study, demonstrated a two-fold higher detection rate for advanced-stage lung cancers in the CT screened arm compared to the chest X-ray screened arm, thereby challenging the assumption that advanced-stage cancers remain asymptomatic only for a negligible period of time.
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Our cure threshold models are fit to data from the MLP, for which lung cancers were detected and treated between 1971 and 1983. If 5-year survival trends have significantly improved over the past 30 years, then the cure threshold models we produce may be anachronistic when applied to today's screening methods. Five-year lung cancer survival remains poor. According to a study of SEER survival trends, the 5-year NSCLC survival among males was 13.4% over the period 1978 to 1980, improving to 15.4% between 1999 to 2005, 23 a modest 2% improvement in NSCLC survival over a period of 25 years. Furthermore, the PLCO screening study confirms the nearly 30-year old MLP results reporting no mortality benefit associated with early detection by chest X-ray. 2 The NLST has been called the ''best umpire in town,'' in determining whether a lung cancer mortality reduction attributable to CT exists. 24 However, variation in CT screening outcomes across studies is notable. The frequency of Stage I annual-repeat lung cancers was 48.6% (17/35) in the Mayo CT study, 46.8% (15/32) in the DANTE CT screening study, similar to the 48.6% (68/140) Stage I annual-repeat cancers observed in the first 7 years of the MLP, when sputumdetected cases are excluded. 4, 25, 26 The New York ELCAP reported that among 48 lung cancers detected in annual repeat screens and not visible at baseline, 79.2% (38/48) were classified as N0M0. 27 In the Dutch NELSON study, 73.7% (42/57) cancerous nodules detected in the second round of screening were classified as pathological stage I. 28 Variation in CT mortality outcomes presupposes the observed variation in stage distribution among CT-detected incident cancers. In a matched cohort analysis, estimates of mortality reduction in the New York component of the I-ELCAP screening study are 36% and 64% when data are compared to the CPS-II and CARET studies, respectively. 29 A distinguishing feature of the I-ELCAP protocol is the aggressive management of annual-repeat lung cancers: biopsy by fine-needle aspiration is recommended if growth is seen for a new non-calcified nodule larger than 5 mm, as measured at a repeat CT scan after one month of detection. 30 If a large proportion of aggressive NSCLCs have a cure threshold below 20 mm, a high sensitivity to variation among CT screening protocols is expected.
It has been suggested that increasing the size threshold for biopsy will reduce the false positive rate among CT-detected lung cancers and reduce overdiagnosis. 31 The effect of increasing the size threshold on the detection of true positive cases at an early-stage is presumed small, but this depends on a comprehensive understanding of lung cancer natural course. If raising the size threshold for biopsy leads to many NSCLCs being missed at a curable size, then the ratio of false positive cases to curable true positive cases may, in fact, increase.
In conclusion, the NLST study has demonstrated that lung cancer mortality can be reduced by CT screening. Questions remain concerning the optimal implementation of early detection strategies.
